How nuclear architecture contributes to transcriptional regulation in neural progenitor cells (NeuPCs) is poorly understood. A study by Toda et al. (2017) now shows that the nuclear pore protein Nup153 associates with the Sox2 transcription factor in the regulation of NeuPC maintenance and neural fate.
Maintenance of NeuPCs by Transcriptional Regulation and Nuclear Architecture
NeuPCs are self-renewing multipotent cells that provide the neuronal and glial cell types of the embryonic and adult central nervous systems (Florio and Huttner, 2014) . In the adult brain, the NeuPCs of the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus generate neurons throughout life. Impaired adult neurogenesis may be involved in the etiology of neuropsychiatric and age-related disorders, including depression and anxiety. Regulation of the proper balance between NeuPC maintenance and differentiation into distinct lineages is therefore crucial both during development and throughout adulthood to maintain brain function. Indeed, proliferation, fate specification, and lineage differentiation of NeuPCs are tightly regulated by the expression of key transcription factors, in turn driving celltype-specific transcriptional programs, chromatin remodeling, and epigenetic regulation (Yao et al., 2016) . Key to the maintenance of NeuPCs is the Sox2 transcription factor that is able to interact with several lineage-specific transcriptional co-factors and epigenetic regulators (Sarkar and Hochedlinger, 2013) . On the other hand, it is becoming increasingly clear that functional compartmentalization of the genome by various nuclear structural proteins and scaffolds also plays a pivotal role in the regulation of cell-type-specific transcriptional programs, thus controlling cell fate and maintenance, mainly through the involvement of nuclear pore (nucleoporins) and nuclear lamina (lamins) proteins (Ibarra and Hetzer, 2015) . In particular, nucleoporins (Nups) constitute the large nuclear pore complexes (NPCs) that are a component of the nuclear envelope (NE). Nups have been classically involved as transport channels in macromolecular trafficking between the nucleus and cytoplasm. In recent years, Nups have gained further attention as they have been shown to compartmentalize the genome and regulate transcription by binding to specific subsets of genes.
But how do Nups interact with transcription factor-dependent regulation of neural cell fate? A recent study published in Cell Stem Cell by Toda et al. (2017) provides important novel insights to begin addressing this question. They show that the transcriptional landscape of NeuPCs is regulated through direct interaction between Nup153 and Sox2 in binding to target genes. Moreover, Nup153 is essential for the maintenance of NeuPCs both in vitro and in vivo.
Nup153
Interacts with Sox2 to Maintain the NeuPC State Toda et al. (2017) first investigated in available datasets nuclear structural proteins enriched in Sox2-expressing adult NeuPCs and found that Nup153 was significantly enriched. Supporting this finding, Nup153 mRNA and protein levels were highest in adult hippocampal NeuPCs, though downregulated upon differentiation into neurons (intermediate expression levels) and astrocytes (lowest expression levels). Other nuclear pore proteins did not show such a regulation, indicating that Nup153 levels may contribute to determine neural fate and that high levels of Nup153 may be essential for maintenance of Sox2-expressing NeuPCs. Using super-resolution microscopy, Toda et al. (2017) then showed that Nup153 is associated with Sox2 in NeuPC nuclei and that such an interaction decreases upon neuronal differentiation. Supporting these findings, Nup107, another nuclear pore protein interacting with Nup153 but whose levels of expression, unlike Nup 153, do not change upon differentiation, was also found to be associated with Sox2 in NeuPCs, and their association decreased during neuronal differentiation. Using a range of methodologies including in situ proximity ligation assay (PLA), biomolecular fluorescence complementation (BiFC), and co-immunoprecipitation, Toda et al. (2017) further demonstrated that Nup153 and Sox2 directly interact in NeuPC nuclei and that their interaction is lost upon differentiation. The functional role of Nup153 in NeuPCs was evaluated both in vitro and in the DG of adult mice by short hairpin RNA (shRNA)-mediated knockdown and exogenous overexpression. Knockdown of Nup153 in vitro resulted in upregulation of both neuronal and astroglial genes, while cell-cycle-related genes were downregulated and proliferation significantly decreased. Nup153 knockdown effects were not caused by alterations of nuclear transport, suggesting the involvement of Nup153 in transcriptional regulation. Interestingly, Nup153 depletion in DG NeuPCs promoted astrogenesis while inhibiting neurogenesis, suggesting environmental differences of NeuPC differentiation in vitro and in vivo. Indeed, culturing NeuPCs in vitro in a neurogenic environment resulted in the promotion of astrogenesis at the expense of neurogenesis similar to DG in vivo.
Conversely, overexpression of Nup153 in NeuPCs both in vitro and in vivo impaired exit from the cell cycle and morphological neuronal maturation, indicating inhibition of neuronal differentiation. Thus, high levels of Nup153 contribute to the maintenance of NeuPCs both in vitro and in vivo and its downregulation modulates the direction of neuronal versus astroglial cell-fate specification in a context-dependent manner.
Nup153 and Sox2 Bind to a Subset of Shared Target Genes and Coregulate Transcription in NeuPCs Toda et al. (2017) then compared the transcriptome changes caused by knockdown of Sox2 or Nup153 in NeuPCs. They found that about 25% of the genes misregulated in Nup153 knockdown also showed transcriptional changes in Sox2-depleted NeuPCs, often in the same direction, thus suggesting functional cooperation of Nup153 and Sox2 in genome regulation and maintenance of the NeuPC transcriptional landscape. To identify the genome regions directly bound by Nup153, Toda et al. (2017) performed chromatin immunoprecipitation (ChIP) coupled to highthroughput DNA sequencing (ChIP-seq) of endogenous Nup153 and exogenous FLAG-tagged Nup153 in NeuPCs. The ChIP-seq profiles obtained with both antiNup153 and anti-FLAG antibodies were comparable and confirmed that Nup153-bound regions were mainly enriched in genes involved in neural development and transcriptional regulation. About 64% of the genes transcriptionally misregulated in Nup153 knockdown were directly bound, and therefore likely directly regulated, by Nup153. Nup153-bound genes were both up-and downregulated in Nup153 knockdown, indicating a role both as a transcriptional activator and repressor. Nup153 binding peaks where either in close proximity or overlapped directly (13.4%) to Sox2-binding sites and the majority of Nup153-bound genes were also bound by Sox2. Strikingly, Nup153 knockdown caused more than 60% reduction of Sox2 binding peaks, especially at sites of direct binding overlap of Nup153 and Sox2, indicating that Sox2 binding is at least partially dependent on Nup153. Overall, these findings revealed that Nup153 and Sox2 co-occupy target genes and cooperatively regulate NeuPC transcriptional programs.
Nup153 Dependent Bimodal Transcriptional Regulation Correlates with Spatial Positioning of Nup153 on Target Genes
One of the most interesting findings by Toda et al. (2017) is that in NeuPCs Nup153 ChIP-seq peaks displayed a characteristic bimodal positioning of target gene occupancy, with Nup153 enrichment both at promoters and transcriptional end sites (TESs). This raised the question whether this bimodal binding pattern could reflect distinct Nup153-dependent transcriptional regulations. By analyzing Nup153 binding distribution within genes either up-or downregulated in Nup153 or Sox2 knockdowns, Toda et al. (2017) discovered that Nup153 binding at promoters preferentially activated target gene expression (65%), whereas Nup153 binding at TESs was strongly associated with gene repression (78%), irrespective of Nup153 occupancy at promoters. Remarkably, while the distribution of Sox2 binding peaks at Nup153-independent Sox2-regulated genes was only enriched at promoters, Sox2-Nup153 co-localized peaks displayed the characteristically enriched bimodal binding pattern around promoters and TESs. In agreement with the Nup153-regulated genes, Sox2-Nup153 binding at promoters was preferentially associated with gene activation, whereas Sox2-Nup153 binding at TESs predominantly suppressed transcription. Thus, Nup153 regulates transcriptional programs in cooperation with Sox2 as either an activator or a repressor, depending on its spatial positioning on target genes. Toda et al. (2017) further investigated chromatin regulation by Nup153 in NeuPCs. ChIP-seq of histone modifications and assay for transposase-accessible chromatin sequencing (ATAC-seq) revealed that bimodal Nup153 binding and ensuing gene expression patterns correlated with chromatin epigenetic regulation at Nup153 target genes. The majority of Nup153-bound genes were decorated by the histone H3 tri-methylated Lys4 (H3K4me3) mark, associated to active transcription, whereas 22% of Nup153-bound genes were in a bivalent state (Bernstein et al., 2006) , that is they were co-occupied by both H3K4me3 and the Polycomb-dependent repressive histone H3 tri-methylated Lys27 (H3K27me3) marks. Bivalent genes are maintained transcriptionally repressed while being poised for activation, thus underlying the significant regulatory plasticity of this subset of Nup153-bound genes. In this respect, it is noteworthy that interaction between Nup153 and the Polycomb Repressive Complex1 (PRC1) has been shown to maintain pluripotency in embryonic stem cells (ESCs) (Jacinto et al., 2015) . Only 6% of the Nup153-bound genes were marked with only H3K27me3. Thus, in NeuPCs Nup153 preferentially associates with transcriptionally active or poised genes. Moreover, its spatial distribution at promoters or TESs correlated with the active or repressed state, respectively. Lastly, Nup153 can regulate chromatin accessibility at Nup153-bound regions.
Chromatin Signatures of Nup153 Regulated Genes in NeuPCs

Conclusions and Future Questions
The study by Toda et al. (2017) significantly advances our understanding of how nuclear architecture and compartmentalization can contribute to genome regulation through the direct interaction with instructive transcription factors mediating cell-type-specific transcriptional programs. During neurogenesis, Toda et al. (2017) show that the interaction between Nup153 and the key transcription factor Sox2 is essential for the maintenance of neural progenitor cellular state both in vitro and in the SGZ of the DG in the adult mouse hippocampus. Moreover, Toda et al. (2017) expand the range of mechanisms of Nup-mediated transcriptional regulation by discovering a spatially distinct bimodal positioning of Nup153 at promoters and TESs of target genes correlating with activation or repression, respectively. These results further strengthen the notion that the NPC is central to gene regulation (Pascual-Garcia and Capelson, 2014; Sood and Brickner, 2014) and raise the intriguing question as to whether the newly discovered bimodal spatial positioning of Nup153 might provide a platform to segregate active from repressed Nup153-bound genes in distinct nuclear compartments.
Moreover, Nup153 is not part of the stable NPC core but can dynamically shuttle on and off the NPC in the nucleoplasm. In metazoans, dynamic Nups can interact with genes both at the nuclear pore and in the nucleoplasm. Interestingly, in Drosophila another dynamic Nup, Nup98, was shown to bind off-pore to highly active developmental genes, whereas at the nuclear pore Nup98 is associated mainly with non-active chromatin (Kalverda et al., 2010) . The Nup153 binding to TESs correlates with transcriptional repression and a significant fraction of the Nup153-bound repressed genes are in a poised state in NeuPCs. It is tempting to speculate that Nup153 binding at TESs might contribute to maintain poised genes at the NPC in preparation for rapid coordinated activation in response to neurogenic/gliogenic signals coming in through the pore channel, and in turn they could be shuttled off-pore to the nucleoplasm for sustained transcription. Also, it will be interesting to investigate how Nup153 is recruited to genes with spatially bimodal positioning and where in the nucleus distinct Nup153 binding at promoters or TESs might occur. Future work will be required to address such questions. However, these are exciting times to study genome architecture and transcriptional regulation in the brain.
